Studies evaluating the relationship between microbes and human health at non-point source beaches are necessary for establishing criteria which would protect public health while minimizing economic burdens. The objective of this study was to evaluate water quality and daily cumulative health effects (gastrointestinal, skin, and respiratory illnesses) for bathers at a non-point source subtropical marine recreational beach in order to better understand the inter-relationships between these factors and hence improve monitoring and pollution prevention techniques. Daily composite samples were collected, during the Oceans and Human Health Beach Exposure Assessment and Characterization Health Epidemiologic Study conducted in Miami (Florida, USA) at a non-point source beach, and analyzed for several pathogens, microbial source tracking markers, indicator microbes, and environmental parameters. Analysis demonstrated that rainfall and tide were more influential, when compared to other environmental factors and source tracking markers, in determining the presence of both indicator microbes and pathogens. Antecedent rainfall and Fþ coliphage detection in water should be further assessed to confirm their possible association with skin and gastrointestinal (GI) illness outcomes, respectively. The results of this research illustrate the potential complexity of beach systems characterized by non-point sources, and how more novel and comprehensive approaches are needed to assess beach water quality for the purpose of protecting bather health.
INTRODUCTION
Illness associated with microbial pathogens in recreational marine beaches can have significant health and economic impacts. Globally, each year, there are in excess of 120 million cases of gastrointestinal disease and in excess of 50 million cases of respiratory diseases caused by swimming and bathing in wastewater-polluted coastal waters (Shuval ) . A study in Orange County, California, USA demonstrated an estimated 3.3 million US dollars per year in excess illness costs for Newport and Huntington beaches (Dwight et al. ) . Since the 1950s, epidemiologic studies have been performed to evaluate relationships between bathing in point source impacted beaches and health risk (gastrointestinal disease, respiratory, skin, eye, and ear illnesses); and they concluded that symptoms for all these illnesses were increased in bathers compared to non-bathers (Prüss ) . 24 hour prior rainfall and skin illness, and between water temperature and acute febrile respiratory illness (Sinigalliano et al. ) . Another study conducted on the California west coast demonstrated a relationship between male-specific coliphage and several symptoms reported by bathers (Colford et al. ) .
In addition to the lack of a consistent association between enterococci and bather health at non-point source impacted and subtropical marine beaches, there are many limitations to using indicator microbes to monitor for fecal contamination and significant human health risk. Enterococci can originate from sources other than humans, and therefore the ratios of pathogens to enterococci may not be consistent with that of human fecal pollution. Enterococci are also heavily influenced by environmental factors, and they do not necessarily address the risks for non-gastrointestinal illnesses, since their association was originally established specifically with gastrointestinal illness (Boehm et al. ) . Additionally, research has shown that the presence and levels of indicators are not always associated with pathogens in areas impacted by non-point sources of indicator organisms (e.g. rainfall runoff, animals, human shedding, and sand re-suspension) (Deetz et aureus (Fujioka et al. ) , in conjunction with human effects. Several epidemiologic studies have been initiated at several California beaches (Avalon, Doheny, and Malibu), which have measured pathogens in conjunction with health effects and publications from these studies are pending. The US EPA has also initiated studies in Mississippi, Rhode Island, Alabama, and Puerto Rico, but these study results are also pending and focus on point source impacted beaches. To date, no published studies have evaluated pathogens and health effects concurrently within a subtropical beach environment.
The objectives of this study were to evaluate the water quality (indicator microbes, pathogens, and environmental factors) and daily cumulative health effects (gastrointestinal, skin, and respiratory illnesses) for bathers at a non-point source subtropical marine recreational beach. This study evaluated the relationships between microbes and environmental conditions; it also evaluated the inter-relationship between health effects and water quality, and identified possible implications for beach regulation practices. Given cost limitations when screening multiple targets including pathogens and concurrently assessing human health, this study was not intended to establish a conclusive relationship between the various factors and targets, but rather to give further insight on how the non-point source beach system functions.
The results of this study should be utilized with results from other epidemiologic and water quality studies to establish conclusive statements about the relationship between water quality and human health at non-point source beaches. This study differs from previously published work as part of the BEACHES study (Fleisher et 
METHODS

Site description
Samples were collected from a study beach within MiamiDade County, Florida, USA (Figure 1 ). The climate of Miami is classified as 'subtropical' because of its geographic location, and its average ambient temperature of 24.8 W C.
The study beach is an irregularly narrow beach, with an approximate average distance between the mean water line and the outer edge of the sand of 5 m. The beach is 1.6 km long, relatively shallow, and characterized by weak water circulation (Shibata et al.  For sampling days where sampling did not overlap with peak high tide, this value was set to zero.
Concentration and analysis of bather-collected composite samples
Bather-collected composites were analyzed for many different microbes, including the EPA-recommended marine bacterial indicator, enterococci, using three methods: 
Statistical analysis
Data were checked for normality using the Shapiro-Wilk test, and normalized using a log transformation when needed. Parameters that did not meet normality requirements (such as rainfall, post-HT sampling %, pathogens, coliphage, and all of the source tracking markers except Bacteriodales BacHum-UCD), mostly due to being frequently below detection limits (i.e. left censured data),
were not evaluated statistically. Parameters that met the normality requirements were analyzed using the following parametric tests: a student t-test was used to determine statistical significance of different results between the different enterococci analysis methods using Excel™, and a Pearson analysis was conducted using XLSTAT™ to determine correlation coefficients between parameters as well as their statistical significance. The few values below detection limits within these statistically analyzed parameters were analyzed at their respective detection limits.
RESULTS
Health outcomes
The method for assessing illness, as well as other epidemiologic considerations using the individual exposure data, rainfall (see solid rectangles on Figure 2 ).
Environmental parameters
The daily values for environmental parameters (pH, salinity, and temperature, turbidity and wind speed) for each of the 15 bather-collected study samples over the 15 study Rainfall was detected immediately prior to 7 of the 15 sampling dates, and reported as 0-6 h, 6-24 h, and 24-48 h rainfall prior to the mean sampling time (Figure 2 ).
Correlations were noted between water temperature and solar radiation, as well as water temperature and turbidity (Table 1 ). The increase in turbidity in the water with decreasing water temperature may be due to the presence of rainfall which occurs during cloudy conditions and hence decreases solar radiation and water temperature.
Solar radiation was also found to correlate with enterococci (CS) ( Figure 2 ).
Zero to 6 hour rainfall corresponded to elevated levels of turbidity and bacterial indicators: enterococci (MF), E.coli, fecal coliform, and C. perfringens (see light gray shading in Figure 2 ). Rainfall during the prior 6 to 24 hours had additional significance. The simultaneous presence of Cryptosporidium spp., Giardia spp. and enterovirus only occurred after 6 to 24 h rain events (see medium gray shading in Figure 2 ).
The highest values of enterococci measured by qPCR and CS, Bacteroidales DogBac marker, cumulative pathogens (Cryptosporidium spp., Giardia spp. and enterovirus) occurred on May 10th which had the highest level (2.82 cm) of 6-24 rainfall (see solid rectangles on Figure 2 ).
Microbial indicators
Enterococci levels in water samples over the 15 sampling days ranged from <2 to 109 CFU 100 ml À1 using MF methods, 11 to 124 MPN 100 ml À1 using CS, and 46 to 2360 genome equivalent units (GEU) 100 ml 
Enterococci levels measured by CS correlated with
Bacteroidales BacHum-UCD levels and the inverse of solar radiation (Table 1) . Escherichia coli, fecal coliform, and C. perfringens values ranged from <2 to 83, <2 to 196, and <2 to 1,653 CFU 100 ml À1 , respectively Correlations were noted between E.coli and the remaining three indicator bacteria: enterococci (MF), C. perfringens, and fecal coliform (Table 1) . Clostridium perfringens also correlated with enterococci (MF) ( Table 1) . Both Fþ and FÀ coliphage were predominately below detection limits; however, FÀ coliphage was detected in 4 samples at low concentrations of 0.3 to 1.7 plaque-forming units (PFU) 100 mL À1 (Figure 2 ).
MST markers and bacterial pathogens
Polyomavirus, B. thetaiotaomicron, and Enterococcus faecium esp gene were detected on 4, 4, and 3 of the sampling days, respectively (Figure 2 ). Bacteriodales HF8 marker was predominately below detection limits with only two detects at (5 and 3 GEU 100 mL À1 ) (Figure 2 ). Bacteroidales BacHum-UCD marker levels ranged from below detection to 407 GEU 100 mL À1 with an average of 71 GEU 100 mL À1 (Figure 2 ), and were found to correlate with enterococci (CS) ( Table 1) . Bacteroidales DogBac marker levels ranged from below detection to 12,900 target sequence copies (TSC) 100 mL À1 with an average of 1,700 TSC 100 mL À1 (Figure 2 ). Staphylococcus aureus levels ranged from <2 to 24 CFU 100 mL À1 with an average of 9.7 ±7 CFU 100 mL À1 ; V. vulnificus was detected on 11 of the 15 sampling days (Figure 2 ).
Protozoan and viral pathogens
Using Giardia spp. was detected, although it was also detected on days when levels were below this regulatory standard.
DISCUSSION
Properly assessing the safety of recreational bathing waters is an evolving field of study which will continue to require further investigation. The complexity of the non-point source impacted beach system and its components poses a challenge to investigators attempting to make simple associations between environmental parameters, microbe presence, and human health risks in order to ultimately improve beach safety through source remediation and monitoring. The uniqueness of this study was in the multitude of different parameters that were analyzed along with human health effects, providing a wide 'snapshot' of the complex beach system that may be used to further our understanding of the system. To the authors' knowledge, this is the first study published that includes the analysis of such a wide range of varying parameters at a recreational beach. This is also the first study to measure pathogens concurrently with human health effects in a subtropical beach environment. The results of this study should assist in directing future research, but are not sufficient (15 sampling days, beach 'snapshots') to make conclusions in regards to how the system functions or which beach monitoring practices should be taken.
Health outcomes
Average daily excess illness rates for bathers after subtracting the control group (non-bathers) provided an estimate for the daily health outcomes of bathers during this epidemiologic study (BEACHES) conducted in Miami, Florida.
These daily average illness rates were therefore compared to the daily average water quality (by analyzing the compo- Statistically significant correlations between health outcomes and water quality were not identified in this study.
However, the data suggest relationships which could not be verified statistically given the limited number of times that samples were positive for many of the water quality parameters. The lack of relationship between health outcomes and pathogens that could potentially cause that particular illness may be due to the small samples size (15 samples), the fact that the pathogen causing increased illness in bathers may not be among those analyzed in this study, the inefficiency of the sampling techniques (as pathogen concentration and analysis methods may be subject to significant recovery loss), or that increased illness rates are not the result of one specific pathogen.
However, a relationship that was alluded to in this study but more strongly supported in Sinigalliano et al.
(), was excess skin illness and prior 24 hour rainfall.
The highest rate of skin illness (15.6%) was observed during the day (May 10) characterized by the highest quantity of 24 hour rainfall. This day was also characterized by the highest enterococci levels as measured by CS and qPCR, the highest levels of Bacteroidales DogBac marker, the second highest Bacteroidales BacHum-UCD human marker, and the presence of multiple pathogens (Cryptosporidium spp., Giardia spp. and enterovirus).
The potential relationship between skin illness and rainfall may be due to the rainfall carrying skin pathogen(s), which were not analyzed for in this study, into the water column. These skin pathogen(s) (which may include unmeasured microbes such as pathogenic helminthes and yeasts detected in another study within the sand at this study beach (Shah et al. accepted) ) may be transported in a similar fashion as the gastrointestinal protozoan and viral pathogens detected in this current study. However, 24 hour antecedent rainfall did not consistently result in increased skin illness rates, possibly due to impacts from other environmental factors such as tide and solar radiation or due to smaller amounts of rain which may have been insufficient to release the skin pathogens presumably residing in the beach sand.
Also of interest is that on May 10, the day characterized by the greatest 24 hour rainfall, the GI illness rate was also elevated (4.2%) which is consistent with the detection of GI-related pathogens, Cryptosporidium, Giardia, and enterovirus. However elevated GI illness among bathers was not observed during other days where GI pathogens were detected (e.g. December 15 and June 21), thus further emphasizing the complexity between human health outcomes, microbial measures, and environmental parameters at this particular beach site.
Another potential relationship that was indicated in this study was that of FÀ coliphage and gastrointestinal illness In prior studies, pathogens have also been shown to increase in water bodies after rain events (Lipp et al. ) .
In this study, pathogens (detected less frequently than indicators, and therefore cautious conclusions should be made about associations with other parameters), seemed to associate with rainfall as well. However, pathogens showed a delayed response with rain, and were specifically detected when rainfall occurred 6 to 24 hours prior to sampling. In a prior study (Abdelzaher et al. ) , at this same study site, pathogens were most frequently detected during a sampling event characterized by significant rainfall during the previous 24 to 48 hours (3.3 cm) as opposed to rainfall during the previous 6 to 24 hours. Therefore more work is needed focusing on the pathogen response to the size and timing of antecedent rainfall events.
The findings from this study suggest that the pathogens detected in the water may not be mobilized by rainfall- 
